Due to high radioactivity and significant content of medium-and long-lived radionuclides, different operations with spent nuclear fuels (e.g., handling, transportation, and storage) shall be accompanied by suitable radiation protections. On the other hand, determination of radioactive source specification is the initial step for any radiation protection design. In this study, radioactive source specification of the spent fuels of Bushehr nuclear power plant, which is a VVER-1000 type pressurized water reactor, was determined. For the depletion and decay calculations, ORIGEN code was utilized. The results are presented for burnups of 30 to 49 GWd/MTHM and different cooling times up to 100 years. According to these results, total activity of a spent fuel assembly with initial enrichment of 3.92%, burnup of 49 GWd/MTHM, and cooling time of 3 years is 1.92 × 10 16 Bq. The results can be utilized specifically in transportation/storage cask design for spent fuel management of Bushehr nuclear power plant.
Introduction
After removal from the reactor core, nuclear spent fuels are highly radioactive and rigorously radiation protection design shall be provided to ensure safety of workers, public, and environment during different operational stages such as handling, transportation, and storage of spent fuels. It is necessary to determine radioactive source specification of spent fuels before any radiation protection design.
Although many hundreds of fission product isotopes are formed in the nuclear reactor, most have very short half-lives and decay days to weeks after their creation. Generally, the radioactivity of the spent fuels caused mainly by the presence of fission products (e.g., 131 I, 137 Cs, and 90 Sr), activation products (e.g., 60 Co and 63 Ni), and long-lived actinides (e.g., 239 Pu, 237 Np, and 241 Am). The final composition of the spent fuels depends on different parameters such as the fuel type, chemical composition, level of initial enrichment in 235 U, neutron energy spectrum of reactor, the fuel burnup, and cooling time [1] .
In spite of the fact that there are different studies on determination of radioactive source specification of the spent fuels, a few works have been directed towards the VVER-1000 spent fuels in comparison with typical PWR ones [2] [3] [4] [5] . On the other hand, the overall photon and neutron release rates are provided mostly without energy spectrum of released photons which is an important parameter in the radiation protection design.
In this study, radioactive source specification of a spent fuel assembly (SFA) of Bushehr nuclear power plant (BNPP) was evaluated. The BNPP is a VVER-1000 Russian type (model V-460) pressurized water reactor which has been in full commercial operation since 2013 [7] . The BNPP reactor will be loaded with 126 tons of about 4% enriched fuel having 3-year life cycle. Maximum burnup of the fuels is 49 GWd/MTHM (gigawatt day per metric tons of heavy metal). At the end of the useful life of fuels, the SFAs will be stored at least for 3 years inside the pool next to the core. The annual spent fuel production of the BNPP is about 21 tons of heavy metal. The main characteristics of BNPP fuel assembly (FA) are presented in Table 1 [8]. 
Depletion and Decay Calculation
The rate of change in the amount of a specific isotope is equal to its production rate minus its removal rate. Consequently, a general expression for the formation and disappearance of a nuclide by nuclear transmutation and radioactive decay can be written as follows [9] :
where is the atom density of nuclide , is the number of nuclides, is the fraction of radioactive disintegration by nuclide which leads to nuclide formation, is the radioactive decay constant, is the space and energy averaged neutron flux, is the fraction of neutron absorption by nuclide which leads to formation of nuclide , is the spectrum averaged neutron absorption cross section of nuclide , is the continuous removal rate of nuclide from the system, and is the continuous feed rate of nuclide .
In case of no removal and no feed of nuclide , such as spent fuels in the reactor core, (1) for nuclides is a homogeneous first-order ordinary differential equation system. To solve this system of equations and determine time dependent composition of BNPP SFA, ORIGEN2 code was utilized.
The ORIGEN is a widely used computer code for calculating the buildup and decay of radioactive materials. The code obtains data from the decay library regarding the halflives and decay branching fractions of the radionuclides. The code calculates the daughter of each nuclear decay or transformation and the rate at which the accumulation occurs. The ORIGEN code uses a matrix exponential method to solve a large system of coupled, linear, first-order ordinary differential equations with constant coefficients (1). There are three sections of nuclides in the ORIGEN2 databases: 130 actinides, 850 fission products, and 720 activation products (a total of 1700 nuclides). These sections are formed by gathering the 1300 unique nuclides (300 stables) in the databases since some nuclides appear in more than one section. Although cross-sectional libraries for several reactor types such as typical PWR, BWR, and CANDU are provided, there is no specific library for VVER-1000 reactors in ORIGEN2 code. Recently, attempts to generate a crosssectional library for VVER-1000 type reactors is addressed [10] . To examine the capability of the ORIGEN2 libraries in prediction of VVER-1000 spent fuel specification, benchmark calculations were performed in this study.
Results and Discussion
To validate the results of ORIGEN2 calculations in this study and to examine the capability of the ORIGEN2 libraries in prediction of VVER-1000 spent fuel specification, calculational benchmark problems presented in [3, 6] were employed. In the calculational benchmark presented in [3, 6] , different codes such as CARE, OREST-96, and ORIGEN-ARP were utilized in source calculations. According to these benchmark problems, depletion and decay calculation for a VVER-1000 SFA with initial enrichment of 4.4% and burnup of 60 GWd/MTHM was carried out by use of ORIGEN2 code. The results of benchmark calculation are presented in Table 2 .
The PWRU cross-sectional library was used for fuel depletion calculations presented in this article. The result of benchmark problems in this study differs from the averaged results presented in reference [6] by less than 6.5% for the gamma source, less than 24% for the neutron source, and less than 1% for decay heat. It is necessary to mention that the differences between results for the neutron source were far less than 24% in some cases (e.g., 13% in case of Russian results presented in [6] ). Comparison of the results reveals that the typical PWR libraries of ORIGEN2 code are sufficient to determine the source specification of VVER-1000 spent fuels. On the other hand, the results are in acceptable range for radiation protection purposes. Generally, the differences between results mainly are caused by different data libraries as well as different methods used in different codes.
According to the BNPP FA characteristics and its irradiation history inside reactor core, depletion and decay calculations were carried out by use of the ORIGEN2 code. The results of these calculations for photon release rate and total activity of the SFA with initial enrichment of 3.92%, burnup of 49 GWd/MTHM, and cooling time of 1 to 100 years are presented in Table 3 . It is necessary to mention that the contribution of activation products is very low and is not presented in this Table. As it is shown in Table 3 , during the first 100 years after removal from the core, the photon release rate of the SFA mainly is caused by the fission products. Another important parameter in any radiation protection design is the energy of the released radiations. The photon release rate of BNPP SFA with burnup of 49 GWd/MTHM and cooling time of 3 years is presented in Table 4 in 18 groups of energy. In addition to the gamma emitter sources, there are two different neutron sources of (alpha, n) reaction and spontaneous fission in the spent fuels. These sources for BNPP SFA with initial enrichment of 3.92%, burnups of 30 to 49 GWd/MTHM, and cooling time of 3 years are presented in Table 5 . The data in Table 5 declares that, with increase in burnup, the neutron emission of the BNPP SFA will increase. Moreover, the neutron emission of the BNPP SFA is dominantly from spontaneous fission of 244 Cm, especially in higher burnups. The contribution of spontaneous fission of 244 Cm in burnup of 30 and 49 GWd/MTHM is about 86 and 95% of the total neutron emission, respectively. Even after removal from the core and fission reactions have ceased, the fuel remains hot due to the decay heat from the highly radioactive fission products. According to the provided calculations, decay heat of the BNPP SFA with burnup of 49 GWd/MTHM and cooling time of 3 years is 1.94 kW. The results of ORIGEN2 calculations for the radioactive source specification and decay heat of the BNPP SFA with initial enrichment of 3.92%, cooling time of 3 years, and burnups of 30 to 49 GWd/MTHM are summarized in Table 6 .
Conclusion
Radioactive source specifications of BNPP SFA were evaluated by use of ORIGEN2 depletion and decay calculation code. Benchmark calculations were provided to validate the results of ORIGEN2 calculations in this study. Comparison of the results of benchmark calculations in this study with other references revealed that utilization of the typical PWR libraries of ORIGEN2 code for BNPP fuels is acceptable, at least for radiation protection purposes. It is emphasized that for some calculations, such as burnup credit criticality calculations, in which more precise prediction of source specification is needed, the generation of cross-sectional library for VVER-1000 type reactor is unavoidable.
The calculated source specifications of BNPP SFA are presented for burnups of 30 to 49 GWd/MTHM and different cooling times up to 100 years. According to these results, total activity, neutron emission, and decay heat of BNPP SFA with initial enrichment of 3.92%, burnup of 49 GWd/MTHM, and cooling time of 3 years are 1.92 × 10 16 Bq, 2.46 × 10 8 n/s, and 1.94 kW, respectively.
